Colby College

Digital Commons @ Colby
Honors Theses

Student Research

2005

The Synthesis of Biomimetic Tungsten and Molybdenum
Complexes
John Sterling Cole III
Colby College

Follow this and additional works at: https://digitalcommons.colby.edu/honorstheses
Part of the Chemistry Commons

Colby College theses are protected by copyright. They may be viewed or downloaded from this
site for the purposes of research and scholarship. Reproduction or distribution for commercial
purposes is prohibited without written permission of the author.
Recommended Citation
Cole III, John Sterling, "The Synthesis of Biomimetic Tungsten and Molybdenum Complexes"
(2005). Honors Theses. Paper 298.
https://digitalcommons.colby.edu/honorstheses/298
This Honors Thesis (Open Access) is brought to you for free and open access by the Student Research at Digital
Commons @ Colby. It has been accepted for inclusion in Honors Theses by an authorized administrator of Digital
Commons @ Colby.

The Synthesis of Biomimetic Tungsten
and Molybdenum Complexes

John Sterling Cole III

Colby College
Department ofChemistry
Waterville, ME 04901
United States ofAmerica
May 2005

2

The Synthesis of Biomimetic Tungsten
and Molybdenum Complexes

John Sterling Cole III

A Thesis submitted to the Chemistry Department at Colby
College, Waterville, ME in partial fulfillment of the
requirements for graduation with

Honors in Chemistry
May 18,2005

Approved:

(Memor: Rebecca R. Conry, Associate Profes

_ _----L..\\ (~\ D~

~\.UD

0

ofChemistry)

Date

lww

(Reader: Martin T Lemaire, Faculty Fellow ofChemisrry)

,~

WI '-'-1 ~ ("

\

Date

3

Research papers are detailed records ofhow effort and time-even lives-have
been spent, and a knowledgeable person by reading a research paper can
judge the quality ofthe 'minds and hands' a/the author.
--Donald J. Cram
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Dedicated to my mom, dad, and grandpa

I am a strong believer in humor, optimism, and balance. I learned many of my
beliefs from my mom, dad, and grandpa. My mom has always put my sister and I before
herself. She is extremely dedicated, compassionate, and thoughtful of other people. She
will always think. of others before herself and I have learned from her example how to put
myself in other people's shoes. I would not have gotten to where I am today without her.
My dad was brought up in rural Vermont and says that when he was very young he didn't
have many friends because he lived so far from everyone. Nevertheless, it is he who
shows compassion and genuine care toward people in subtle ways that most people never
take the time to do. My maternal grandpa worked his way through medical school and
became a successful vascular surgeon in Minnesota. Both my dad and grandpa became
successful because of the way they treated people. It is the linle things that count.
People appreciate acts of kindness in a world that can be entirely overwhelming at times.
It is absolutely amazing how a small gesture like a smile at a busy airport can make all
the difference in the world to one person. I have seen my dad smile and talk to a baggage
checker when most people seem to pay no attention to the fact that there is actuaHy a
person behind the check-in desk. This one act of kindness can make amazing things
happen. Often times baggage checkers will release a huge sigh of relief, happy for once
that there is not another stressed out, grumpy traveler in front of them, and they become
more easygoing and helpful. This anitude toward life has practical implications for a
doctor working with patients.
Humor and optimism are important vehicles to make people feel at ease and
secure, but balance is the key. To be a successful person, one must balance all aspects of
life. r think a doctor in a community is held to a higher standard than an average citizen.
I admire my grandpa who finds a balance between being confident and being a good
listener to his patients. Patients trust their lives and their loved ones into a doctor's care,
and this trust is secured by the way they are treated as well as by a successful diagnosis.
A physician must be knowledgeable in all aspects of medicine and the human psyche
while projecting a confident and calming persona. toward his patients. I strive to be like
my mom, dad, and grandpa because they take on more than their responsibilities; they go
the extra mile to be good people.
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Abstract

The synthesis of novel biornimetic molybdenum and tungsten compounds that are
potential model complexes for molybdenum and tungsten oxidase enzymes is being
pursued. Model complexes such as these provide a bener understanding of the basic
chemistry of a metal center in an environmeot similar to that found in particular enzyme
active sites. This understanding provides a good Starting point [or biologists or
biochemists studying those biological systems. The first target complex will incorporate a
tetradentate-S4 ligand (L) that features two biphenyl-S2 fragments joined by a propyl
linker. The second target complex will incorporate a bidentate ligand (L') with a singly
alkylated biphenyl-S2 framework. The synthetic strategies to make the protonated ligand
precursors LH2 and L'H are discussed in detail along with initial results from a reaction
between L'H and a molybdenum(Vl) metal complex.
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lntroduction
Section I-Introduction to Bioinorganic Chemistry
According to the Cambridge dictionary, inorganic means "not being or consisting
of living material, or (of chemical substances) containing no carbon or only small
amounts of carbon.") This definition is misleading because many transition metal ions are
essential to life, including vanadium, molybdenum, tungsten, manganese, iron, cobalt,
nickel, and copper. Those metal ions have a significant role in carbon-based biological
systems, for instance, being found in the active sites of metalloenzymes, which are
involved in biocatalytic processes necessary for life. The metal ion components of
metalloenzymes also frequently exhibit unusual active site stereochemistries and unique
chemical environments that contribute to their catalytic behavior?)
Bioinorganic chemistry is a relatively new and exciting field of study where
biology and chemistry meet. The purpose of bioinorganic chemistry is to understand the
structure and function of metallobiomolecules, with a goal of explaining the details of the
4

behavior that many of these molecules exhibit. These systems are often difficult to study
directly because of the complexity of their chemical environments. Nevertheless, this is a
worthwhile subject of study because the occurrence of metaUobiomolecules in biological
systems has important implications for medical, phannaceutical, agricultural,
biotechnological, and environmental industries.

1.1 Tungsten Enzymes
The realization that tungsten is an essential element in some biological systems
was recognized soon after the discovery of hyperthermophilic archaea in the early

II

1990's. Hyperthennophilic anaerobic microorganisms flourish in environments of
extremely high temperatures, in excess of 100 °e, which were considered incompatible
with life until recently. Pyrococcus juriosus, translated as "rushing fueball," is a
thermophililic microorganism capable of growth in the harsh underwater conditions of
isothennal vents and sulfurous volcanic areas. These microorganisms contain a wide
range ofthennostable enzymes which pOlentially have important applications in
biotechnology and biocatalysis. Many of these enzymes, including tungstoenzymes, are
difficult to study because they are hypersensitive to oxygen due to redox instability,
making the isolation and manipulation of these systems problematic. s
Tungsten enzymes isolated from Pyrococcus juriosus as well as other bacteria
have been classified into three families: the aldehyde oxidoreductases, fonnate
dehydrogenases, and formylmetbaoofuran dehydrogenases as seen below in Scheme 1. 6
Reactions that tungsten enzymes catalyze by family
Aldehyde oxidoreductase:
RCHO + H2 0 -7 RC0 2 H + 2W + 2eo
Formate dehydrogenase:

HC0:lH + NAD' -7

C~

+ NADH + H'

(a)
(b)

Formylmetbanofuran dehydrogenase:
R

~
~

o

~

+Hp

N

'CHO

(c)

Scheme 1: Reactions that tungsten enzymes catalyze by family
The aldehyde oxidoreductase family contains enzymes that catalyze net oxygen atom
transfer reactions via a W-oxo group. For instance, a typical net oxidoreductase reaction
(Scheme 1 (a)) is the transfer of an oxygen atom from water to an aldehyde moiety to
form a carboxylic acid. The formate dehydrogenase family contains enzymes that
catalyze the reversible mfo-electron oxidation of fonnate to carbon dioxide (Scheme 1

14

Tungsten and molybdenum have many chemically analogous properties. They are
both group VI transition metals and have similar atomic radii (l.40

A). ionic radii (0.68

A), and electronegativites (1.4 Pauling units for W and 1.3 Pauling units for Mo) for the
+6 oxidation state. The inorganic chemistry of tungsten and molybdenum is very
complex due to the large range of oxidation states they exhibit (-2 through +6), and their
propensity to fonn polynuclear complexes. The complexes most frequently adopt
octahedral coordination geometry about the metal center, and contain oxo ligands to
stabilize the high oxidation state of the metal centers.

8.13

1.3 The Catalytic Mechanism of Aldehyde Ferredoxin Oxidoreductase (AOR)
Recently, researchers have examined the mechanism bemnd the catalytic function
of W and Mo enzymes. Young and Wedd proposed a mechanism for the AOR enzyme,
which is depicted in equations 1 and 2. 6 The oxidation of an aldehyde (RC(O)H, eq 1) is
thought to be accomplished by a high oxidation state metal-oxo species such as WV10.
Equation 1 represents an oxygen-atom transfer reaction that adds an oxygen atom from
the tungsten-oxo group to the aldehyde to form a carboxylic acid. In equation 2 the active
(+6) redox state at the tungsten center is regenerated using an oxygen atom from water,
liberating protons and electrons. The net reaction, equation 3, is the formation of protons,
electrons and a carboxylic acid from an aldehyde and H20.

RC(O)H + WV10 -7 RC(O)OH + W IV

2W + 2eRC(O)OH + 2W +2e-

wry + H 2 0 -7 WV10 +
RC(O)H + H 20 -7

(1)

(2)
(3)

15

It is proposed that the molybdo-pterin ligand serves at least two roles as follows:

to facilitate the transfer of electrons and to control the redox potential of the active
site. 6.J2.l 4 There is usually a second nearby redox-active reaction center present (e.g.
ferredoxin) for complimentary half reactions and an internal electron-transfer chain
connects the two redox-active sites.

Section 2-The Small Model Complex
Because biological macromolecules are so complex, it is often practical and
informative to first examine the behavior of simpler smaller molecules that contain the
essential features of the enzyme's active site. Small model complexes made through
synthetic routes are ideal for this purpose. A structural model complex closely mimics
the structural aspects of the macromolecules with the goal of reproducing those aspects in
the synthetic compound. In the work to be described, a small transition-metal complex is
targeted to be synthesized as a functional model to potentially mimic the reactivity of a
relevant enzyme. The results from these model systems can lead to a variety of uses
including: "spectroscopic work with references to known geometries as standards for
subsequent measurements in natural systems, systems for testing mechanistic models, and
biocatalys1S for industrial use.,,12

2.1 Model Tungsten Complexes
A limited number of small model complexes have been studied as structural or
functional models for tungsten-containing oxotransferases. Examples of small model
tungsten complexes (Figure 3) include [WO(dithioleneht complexes

16

(dithiolene = -SC(H)C(Ar)S·, including sdt,

2-ped~ 3-ped~

4-pedt, qedt as shown in

Figure 3a).15,16 Complexes that have been synthesized to mimic oxotransfer reactions

crotonaldehyde to crotonic acid, which mimics AOR activity.
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0
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;:S~YS)(
s

"s

+

N20

.. ;:S"l/S)(

+ N 2 (g)

5/II"s

°
Figure 3: [MO(dithiolene)2t complexes

Presently, the biological role of tungsten is unclear and the detailed mechanism of
reactions occurring at the tungsten center of enzymes is unknown. The oxo-transfer
chemistry of model complexes for tungsten-containing enzymes is not as well understood
as that of molybdenum-containing complexes. Results derived from small model
tungsten complexes cannot directly address the enzyme itself, but instead may help those
working with the enzyme understand the basic metal chemistry of an environment similar
to the active site. The purpose of this work is to develop synthetic functional models for
pyranopterin-dependent tungsten enzymes. To do this, smaJI molecule complexes will be

17

synthesized that effectively mimic the active site environment of the tungSten AOR
enzyme. A structural model of this enzyme is not needed because this enzyme has been
crystaltographically characterized. However, a small molecule functional model of this
enzyme could be informative.

2.2 Structural Considerations for Preparing Model Complexes
One potential drawback to using a model complex to mimic the functional
behavior of an enzyme is that the catalytic function of an enzyme often depends on the
protein environment surrounding the active site of a metalloenzyme. This feature cannot
easily be incorporated into small model complexes, so the reactivity of the model
complex may not precisely reflect the reactivity of the metalloenzyme. AJso,
metalloenzyrnes often feature unusual stereochemistries about their metal ions that may
be difficult to accurately reproduce in model compounds. In addition, the oxidation state
of the metal ion in the model compound must be identical to that in the metalloenzyme.
Thus, selecting the appropriate structural and electronic features of a small model
complex is essential to its success as a reactivity model. 3
Every detail of a small model complex must be carefully chosen. A comparison
of the AOR enzyme active site from the X-ray crystal srrucrure and the target small
model tungsten complex in this project is shown in Figure 4. The target tungsten(VI)
functional model complex mimics only the fundamental aspects of the active site of the
AOR enzyme to keep it as simple as possible, while still trying to mimic the essential
structural environment around the active site. One major benefit of the surrounding
protein in enzymes is the prevent the formation of bridging tungsten-oxo sites. Thus,

1&

sterie bulk is needed in the ligand component of the model complexes so that two W-oxo
centers cannot closely approach one another to form bridging oxo species. This is
provided by the biphenyl moieties.

o

/
o~p

/ .........0
·0
NH

o

~NH

~HN-{/~
N~

Figure 4: Active site for AfO enzyme from the X-ray crystal structure (left) and the
target small molecule synthetic tungsteo(V1) model complex (right)

2.3 Previous Molybdenum Reactions of Relevance
Conry and Tipton proposed adding a propane linking ann to two

bipheDyl-~

groups after attempting to synthesize a new mononuclear Mo(VI) dioxo tetrathiolate
complex from biphenyl-2,2' -dithiol. The product recovered from that reaction (eq 4) was
actually a mono-oxo MoM complex thaI resulted from the reduction of the Mo(V1)
starting material and the oxidation of biphenyl-2,2' -dithiol. l8 Excess biphenyl-2,2' -dithiol
is needed to balance equation 4 because the molybdenum complex oxidized some of the
biphenyl-2,2' -dithiol, fonning disulfide and molybdenumM complex. No enzyme

19

mimicking reactivity studies could be perfonned with this system because the Mo(V1)
state was not accessible. Thus, all subsequent attempts to oxidize the MoM complex
(from eq 4) to Conn a Mo(VI) complex resulted in decomposition of the complex and
oxidation at the ligand to [onn biphenyl-2,2'disulfide.

The addition of the propane arm to link two biphenyl-S2 fragments in the new
target ligand should inhibit the fonnation of biphenyl-2,2' -disulfide and increase the
likelihood that a Mo(VI) complex of the resulting ligand can be synthesized and isolated.
A propane-linking arm was chosen because 5 ± 1 chelate ring sizes are favored for
transition metal complexes. The reason thaI the propane ann was chosen over an ethane
arm, which would have exactly five atoms in its chelate ring when bound to a metal
center, is that the ethane arm has the potential to participate in a known side reaction to
form an epi-sulfide ring, which would be detrimental to the synthesis of the target ligand.

20

Results and Discussion
3.1 Synthetic Plan for the Ligand Precursor, LH2
The proposed route to the linked sulfur-containing ligand precursor LHz involves
six steps starting from readily available and inexpensive biphenyl. A published
20

synthesis (eqs 5-6) would be used to prepare biphenyl-2-2'-disulfide (2), which would
then be reduced to biphenyl-2-2' -dithiol (3, eq 7). The next three steps include a
protection reaction, linking reaction, and deprotectlon reaction, respectively. In the
protection reaction (eq 8), one of the thiol groups on 3 is protected with a protecting
group. In the linking reaction (eq 9), two equivalents of 4 are linked together with a
propane ann via reaction at the unprotected thiol groups. In the deprotection reaction (eq
10), the protecting groups are removed from 5 to fonn the novel sulfur-containing ligand
precursor (H2L). The details of each step will be discussed below.

Eq.5
biphenyl
1

+ 58

-----l.~

Eq.6

s-s
2

1

Eq.7

s-s
2

HS

SH
3

21

o

~~

+
HS

._---,

cc_s~_o

SH

3

0"~S/II

Eq.8
HS
4

r(Y~

V
+

1

(l

Sr

HS

0 =Prot

+ 2lrielhylamine

Sr

S·Prot
4

5

Eq.10

+

5

The mono protection step (eq 8) is necessary before the linking of two biphenyl-S2
fragments can occur (eq 9). This is because the direct reaction of 3 vlith 1,3
dibromopropane results in the formation ofan undesired, useless product (Figure 5).

<~ <)
HS

{\
+ Br

Br

SH

3

Figure 5: Product of direct linking reaction using propane-linking ann

22

3.2 Contributions to the Ligand Precursor Synthesis Made by Others
Past members of the Conry group have successfully completed the first three steps
(eqs 5-7) of the synthesis and have also determined key information to use in the fmal
three steps (eqs 8-10). For the protection reaction (eq 8) several different protecting

groups were explored. Alexis Bond preferred a 4-nitrochalcone~based protecting group.
However, Laura Olenick and Jessica Hayward had difficulties repeating those results, and
instead were more successful using phenyl vinyl sulfone to add a protecting group 10 3.
Laura Olenick worked out the reaction conditions for the linking reaction (eq 9) and
Jessica Hayward started work on the deprotection reaction (eq 10), but was unable to
determine the conditions need for the reaction due to Jack of time.
Some of these results for the key reactions (eqs 8-10) came from the use of
another more easily obtainable aryl thiol compound instead of 3, since 3 requires several
days to synthesize. This so-called practice compound was 3,5-dimethylthiophenol (6,
Figure 6). Thus, compound 6 was used to determine reasonable reaction conditions for
the protection reaction with phenyl vinyl sulfone (like eq 8). In addition, since 6 only has
one thiol group, it could be used directly for the linking reaction (like eq 9). However,
when the deprotection reaction (like eq 10) was run with the protected version of the
practice compound, the target product (6) was not recovered. In fact., no product
containing the aryl group was isolated., so an assumption was made that 6 was fonned
during the reaction workup but was volatile, such that it was distilled away with the
solvent under vacuum. Therefore, the synthesis of LH2 was anempted without definitely
knowing wheter or not eq 10 was likely to proceed smoothly to give LH2 .

23
SH

6

Figure 6: Structure 0 f the practice compound

33 Synthesis and Characterization of tbe Ligand Precursor LH2
The synthesis of 1 (eq 5) is achieved under nitrogen by the reaction of biphenyl
with two equivalents of n-butylliIhium in the presence of dry N,N,N' ,N'
tetramethylethylene-diamine (TMEDA). After stirring overnigh4 a reddish-orange
solution is produced that contains the doubly deprotonated species 1. To the solution of 1
in the same flask is added an excess of sulfur which forms both 2 and a side product,
dibenzothiophene Ceq 6). The organic compounds are separated the next day by
extraction then the desired product 2 is isolated from the resulting m.iA'11lre by selective
crystallization, giving moderate yields of yellow crystalline 2. 20 Past members of the
Conry group developed this selective crystallization technique, which involves adding a
seed crystal of 2 to the final oily mixture to increase the crystallization rate of 2. In the
third reaction (eq 7), 2 is reduced using excess lithium aluminum hydride in
tetrahydrofuran (THF) solvent by an overnight reflux to produce 3. 11 The organic layer is
separated by extraction and the desired product 3 is isolated by distilling away the solvent
to leave behind a yellow oil in a 24% yield. This reaction is carried out under nitrogen

due to the o),:ygen sensitivity ofthiols 18 1i.ke 3.
Under nitrogen, the mono-protection step (eq 8) is done using two equivalents of
3 to one equivalent of phenyl vinyl sulfone in the presence of 0.1 equivalents of
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triethylamine as a base catalyst and dry THF solvent to fonn primarily biphenyl-2-thiol
2'-mercapto-ethyl-phenyl-sulfone (4).24 The solvent is distilled away the next day leaving
behind a yellow oil in approximately 19% yield. The other compounds present in the
product mixture included biphenyl-2-mercapto-ethyl-phenyl-sulfone-2' -mercapto-ethyl
phenyl-sulfone (two protecting groups added to one biphenyl-S2 unit) and 2 (from the O 2
oxidation of 3 which did not acquire a protecting group). Chromatographic separation
techniques were not used because the yield of the target compound 4 (approximately 70%
as determined by IH NMR spectroscopic analysis) was high enough to proceed to the
next step. Plus, the polarity differences of the compounds present at the end of the
reaction for the next step are predicted to be larger, suggesting an easier separation at that
point.
The linking reaction (eq 9) adds a propyl group via reaction at the thiol groups of
two molecules of 4, forming propyl-l ,3-bis(2-mercapto-biphenyl-2' -mercapto-ethyl
phenyl-sulfone) (5). Thus, two equivalents of 4, one equivalent of l,4-dibromopropane,
and two equivalents of triethylamine were combined in acetonitrile solvent. The
resulting clear solution was stirred overnight and the organic layers separated by
extraction. The column chromatography conditions were determined by doing a series of
TLC experiments giving sufficient separation conditions. The desired product 5 was
isolated by distilling away the solvent to leave behind a white solid in a 25% yield.
The deprotection reaction (eq 10) leading to the target novel sulfur-containing
ligand precursor (LH 2) was attempted with ten equivalents of tert-potassium butoxide
and 5 in tert-butyl alcohol solvent under N 2 . After the reaction was stirred for 2.5 hours
at room temperature, one equivalent of acid was added and the solvent was distilled away

25

under vacuum to give two major products. A series ofTLC experiments indicated that a
silica column and a 1:4 dichloromethane:hexanes solvent system could separate the major
products from the reaction mixture. The ftrst product that came off the column had an RF
value of 0.52 and was determined to be 2 by lH NMR spectroscopy. The second product,
with an RF value of 0.16, was analyzed by proton NMR spectroscopy. The integrals in
this spectrum (Figure 7) suggest that this product contains a ratio of propyl to biphenyl
protons of 1: 1 instead of the ratio 1:2 required for LH2, indicating a product biphenyl-2
thiol-2'-mercapto-propyl-X, where X is an undetennined atom or group. At this point
work on LH 2 was stopped and a shorter synthetic scheme towards a different target
ligand was developed.
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Figure 7: IH NMR spectrum of the second product isolated from the column
after the deprotection reaction (eq 10)
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3.4 Synthesis and Characterization of the Ligand Precursor (L 'H)
The new target ligand pprecursor L'H (Figure 8) is comprised of one
bipheoyl-S2 unit that has one of the sulfur atoms alkylated to inhibit the intermolecular
disulfide formation reaction that was a problem for 3. The Synthesis of L'H would
require four steps. The first three steps (eqs 5-7) are identical to that described for the
target LH 2. Then, similar conditions to the linking reaction (eq 9) would be used to
alkylate one of the sulfur atoms in 3. The alpha-bromo-para-xylene alkyl group was
selected because it is large enough to create products that can potentially be purified on a
column and it has convenient spectroscopic handles. For example, the methyl and
methylene groups will occur in a very different region of the IH NMR. spectrum than the
rest of the protons that are aromatic in nature.

L'H
Figure 8: The new target ligand precursor L'H

Starting with 3 and alpha-bromo-para-xylene, the novel suJfur-contain.ing ligand
precursor biphenyl-2-thiol-2'-mercapto-alpha-para-xylene (L'H) was formed by the
alkylation of one thiol group on 3 (eq II). Thus, equal equivalents of 3 and triethylamine
were combined in acetonitrile solvent and the resulting clear solution was left stirring
overn.ight. An organic/aqueous extraction resulted in the isolation of three compounds. 'H
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l\TMR spectroscopy indicated that these products were the desired mono-alkylated
product L'H, a di-alkylated product resulting from the reaction of 3 with two equivalents
of me alkyl halide, and 2, coming from the oxidation of3 by

~.

Silica gel column

conditions were determined by a series of TLC experiments, showing thaI a 1:4
dichloromethane:hexanes solvent ratio could sufficiently separate the three reaction
products. The third product off the column (RF

= 0.21) became a yellow oil after solvent

removal. This product was determined to be L'H by IH NMR spectroscopy and was
isolated in only about 8% yield for the one reaction that was carried out at the time of this
writing. The IH N1vfR spectrum (Figure 9) contains the expected singlets between 2.0 and
4.0 ppm, which correspond to the methylene (B), thiol (A), and methyl (C) protons. The
aromatic region of the spectrum, from 6-8 ppm, is complicated due to the ten different
aromatic proton environments, but the integral is consistent with 12 protons, the expected
number for L'H. A small amount of2 is also present in the spectrum (small peaks
between -4.5 and 8.0 ppm) that was not completely separated by the column. In
addition, peaks due to hexanes solvent not completely removed are seen between - 0.8
and 2.0 ppm. With the fairly pure modified ligand precursor (L'H) in hand, coordination
reactions with tungsten and molybdenum could be attempted.

Alkylation Reaction

+

3

d
I

BT

~
#

Eq.ll
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Figure 9: IH N1vffi. spectrum of biphenyl-2-thiol-2' -mercapto-aJpha-para-xylene

3.5 Metal-Containing Starting Material Syntheses
In preparation for the reactions with L'H, the metal-containing starting materials
bis-acetylacetonate dioxo ruogsten(VI) (7, Scheme 2) and bis-acetylacetonate dioxo
molybdenum(VI) (8, Scheme 3) must be prepared. The synthesis of7 was accomplished
by the combination of tungsten(VI) oxychloride with two equivalents of 2,4
pentanedione in benzene solvent. The resulting mixture was refluxed for two days and the
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solvent was removed to precipitate 7 as a purplish-black solid in -63% yield. 22 A 'H

NMR spectrum of this product suggested that pure 7 was isolated. However, another IH
NMR. spectrum taken a few months later indicated 7 had decomposed to other products.
As a result., 8 (prepared previously by A. Alex Tipton) was used for the reaction with

L'H.

o

o~ ~O
w

0

)U~

CI/ "'CI

7
Scheme 2: Synthesis of bis-acetylacetonate dioxotungsten(VI)

A. Alex Tipton prepared 8 by adding (NI-L)6M07024 . 4 H 20 to two equivalents of
2,4-pentanedione that was previously dissolved in distilled H 20 which was acidified to
pH 3.5 with HNO).23 A yellow solution was filtered leaving behind a yeLLow precipitate
of 8. Yellow 8 was isolated in approximately 57% yield.

HN0 3 (pH

=3.5)

8
Scheme 3: Synthesis of bis-acetylacetonate dioxomolybdenum(VI)
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3.6 Coordination Chemistry of L'H
Only a small amount of L'H was available, so a NMR tube reaction was utilized
to detennine if8 and L'H react. Thus, two equivalents ofL'H were combined with 8 in
deuterated methylene chloride to Conn MO(O)2(L'h (9, eq 12). The reaction mixture
turned a deep blue color immediately and NMR. spectroscopy indicated a slow reaction

was occurring. The course of the reaction was followed by looking at the growth and
decay of specific proton NMR signals over two days.

8 +

2

Q-Q

CD 2CI 2

Eq 12

HSS~
L'H

9

Thus, by monitoring specific resonances in the 'H NMR spectrum (Figure 10), it
can be determined

ifMo~L'

binding is indicated. The peaks labeled A and B in Figure 10

are due to the molybdenum starting material Mo(Oh(acac h (8). If a reaction occurs that
consumes 8, these peaks should decrease in intensity over the course of the reaction. If 8
reacts with another ligand it is likely the acetoacetonate ligand will be released as 2,4
pentanedione. Thus, peaks due to 2,4-pentanedione should grow in intensity if 8 binds L'
to [ann 9. Notice peaks 1, 2, and 3 due to L'H (labeled for the relative ratio of hydrogen
atoms they account for) in L' H. Upon metal coordination of L', the peaks for the protons
labeled 2 and 3 will shift because the chemical environment of these protons will change.
In fact., tlUs is seen to some e>..1ent in the IH NMR spectrum (Figure 10). For example,
the peak labeled 2 has a smaller singlet appearing just upfield of it. The peak labeled 1 is
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Conclusions

The originally targeted sulfur-containing ligand LH 2 has yet to be synthesized, as
the final reaction (eq 10) not only removed the sulfone protecting group but also one of
the

biphenyl~S2

fragments. Therefore, a simplified sulfur-containing ligand (L'H) was

prepared and partially characterized. A new molybdenum complex may be slowly
forming in the reaction of VB and Mo(O)2(acach, but the details of the structure, redox
state of the metal center, and reactivity oftrus complex are unknown and will have to be
investigated by another researcher. More L'H needs to be prepared so that the reaction
ofMo0 2(acac)2 and L'H can be repeated. on a larger scale and so that a variety of
spectroscopic methods can then be used to detenni.ne reaction products. For example, IR
spectroscopy can be used to distinguish a Mo-mono oxo complex from a Mo-dioxo
complex by examining the number of metal oxo stretches. In addition, X-ray
crystallography of both L'H and the metal complex can provide structural infonnation
(bond lengths and bond angles) if single crystals of these compounds can be grown.
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Methods and Materials
General Procedures. All reactions were perfonned open to the air using typical organic
synthetic techniques Of, when specified, under an atmosphere of purified nitrogen gas
using standard Schlenk techniques. Tetrahydrofuran (THF) was dried with a commercial
drying system consisting of a long activated alumina column. All other solvents and
reagents were used as purchased from commercial sources unless indicated otherwise.
Selecto Scientific silica gel with particle sizes of 63-200 !-LID was used in colwnn
chromatography. Baker-flex silica gel IB-F thin layer chromatography sheets were used
for thin layer chromatography. Both 13 e and 'H NMR spectra were recorded at room
temperature on a Bruker Advance 400 MHz NMR spectrometer.

Experimental Procedure:
Preparation ofbiphenyl-2,2'-disulfide (2)

<< ) )
S-S
2

N,N.N' .N'-Tetramethylethylene diamine (TMEDA) was dried using CaH2 and was

distilled prior to use. Under a nitrogen atmosphere, n-butyllithium (150 mL, 1.59 mol)
was added to 50 mL TMEDA, which was previously cooled in an ice/salt bath. Then,
over a two-hour period biphenyl (18 g, 0.11 mol) was added, causing the yellow solution
to

turD

to a rust color. The solution was stirred for 24 hours and then cooled in an ice/salt

bath. Next, over a two-hour period, sulfur (8.0 g, 0.31 mol based on Ss) was added and
the resulting mixture was stirred for 24 hours. The reaction was opened to the air and
water (200 mL) was added with stirring to [onn an olive green organic layer and a light
yellow aqueous layer. The organic and aqueous layers were separated and the aqueous
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layer was washed three times with CH2 Ch (100 mL each time). The organic layers were
combined, dried with MgS0 4 , and then filtered. After solvent removal by distillation,
seed crystals of pure 2 were added to the resulting yellow-orange oil, which was cooled
to 0 °C overn.ight. The resulting yellow crystalline solids were filtered, then washed three
times with the mother liquor, once with chilled methanol (5 mL), and finally air dried
overnight. A second crop of crystals was grown similarly. The yield for the first crop of
crystals of2 was 1.796 g (8.3 mmol, 7.5%). IH NMR (CDCh) & 7.70 (d of d, 3J

= 6 Hz,

4J = 1 Hz, 2 H, Carom-H), 7.51 (d of d, 3J = 6 Hz, 4J = 1 Hz, 2 H, Carom-H), 7.38 (t of d,
3J

= 6 Hz, 4J

= 1 Hz, 2 H, Carom-H), 7.28 (t of d, 3J = 6 Hz, 4 J

= 1 Hz, 2 H, C"Mom-H). I

13C{IH} NMR: & 138.4,136.5 (2 C each, Carom-no H), 129.4,129.0 (2 C each, Carom-H),
128.3 (4 C, Ca.rom-H).2

<~ ) )

Preparation of biphenyl-2,2'-dithiol (3)

HS

SH

3

Under N 2 , dry THF (18 mL) was added to

LiAl~

(0.60 g, 0.16 mol). An additional 18

mL of dry THF and 2 (1.796 g, 8.3 mmol) were added to the reducing agent dropwise
over two minutes. The reaction mixture was refluxed overnight and cooled to room
temperature. Water (20 mL) was added slowly dropwise over two minutes to the mixture
and the reaction was stirred overnight. A solution ofHel (30 mL, 10%) was added
dropwise over two minutes and the mixture was stirred overnight. The organic and
aqueous layers were separated and the aqueous layer was washed three times with ethyl
ether (l00 mL each time). The organic layers were combined, dried with MgS04,

I

2

Spectrum taken by Eric Bergh, 2/15/2005
Spectrum taken by Laura Olenick, 5/31/2001
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filtered, and the solvent distilled away leaving a yellow oil. Yield: 0.440 g of 3 (2.0
mmol, 24%). lH NMR (CDC13) {:, 7.34 (d of d, 3J

(m, 4 H, Carom-H), 7.10 (d of d, 3J = 7 Hz, 4J

=7 Hz, 4J = 1 Hz, 2 H, Carom-if), 7.19

= 1 Hz, 2 H, Carom-H), 3.2 (s, 2H, SH).

13C{'H} 1\TMR: 6 137.9, 130.7 (2 C each, Carom-no H); 129.2, 128.3, 127.6, 124.7 (2 C
each, Carom-H).

3

Preparation of biphenyl-2-thiol-2' -mercapto-ethyl-phenyl-sulfone (4)

\
HS

j

S~M
II
4

D

o

I

~

o

Under N 2, THF (14.5 mL) was added to 3 (0.6 g, 2 mmol). Phenyl vinyl sulfone (0.324
g, 1.9 mmol) was dissolved in a solution of dry THF (12.6 mL) and triethylamine (0.0382

g, 0.37 nunol). The two solutions were combined and left to stir ovemighL The THF was

distilled away leaving 0.20 g (0.52 romol, 19%) of a yellow oil. This oil is a mixture of
biphenyl-2-mercapto-ethyI-phenyl-sulfone -2) -mercapto-ethyl-phenyl-sul fone (-30%
yield), 4 (-70% yield), and 3 (-5% yield); However, the NMR spectrum is only reported
for 4. IH NMR (CDCb) 6 7.87 (d, 3J= 7 Hz, 2 H, S02(CJ{S)), 7.68 (t, 3J
S02(CJ/S)), 7.59 (t, 3J
3J=

3

= 7 Hz,

1 H,

= 7 Hz, 2 H, S02(CJ/S)), 7.17 (m, 8 H, biphenyl Carom-H), 3.23 (1.,

8 Hz, 2 H, -CH2CH 2 -), 3.03 (t, 3J = 10 Hz, 2 H, -CH2 CH2-), 3.17 (5, 1 H, Sf{).

Spectrum acquired by Laura Olenick, 6JW/W03
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Preparation of propyl-l ,3-bis(2-mercaptobiphenyl-2'-mercapto-ethyl-phenyl-sulfone) (5)

~

j)

0

0

s~~A/
II
o

o
II

s~!"0

-

V

~
5

Open to the air, acetonitrile (6 mL) was added to 4 (0.20 g, 5.2 romol). To that solution
l,3-dibromopropane (0.52 g, 2.58 mrnol) and triethylamine (0.52 g, 5.17 nunol) were
added and the resulting clear solution was stirred overnight. Water (20 mL) and CH2 Cb
(20 mL) were added to the reaction mixture and the organic and aqueous layers were
separated. The aqueous layer was washed three times with CH2 Ch (100 mL each time).
The organic layers were combined, dried with MgS0 4 , filtered, and the solvent removed
via rotary evaporation resulting in a white solid. A silica column was used to separate 5

(4: I hexanes:ethyl acetate, Rr 0.23). Yield of 5 after column: 0.0525 g (0.0646 romol,
25%). IH NMR (CDCh) 6 7.87 (d, 3J= 8 Hz, 2 H, SO?(CJ/s», 7.68 (t, 3J = 7 Hz, 4 H,

S02(CJ/S», 7.59 (1, 3J = 8 Hz, 4 H, S02(C 6 H s», 7.27 (m, 8 H, Carom-H), 7.17 (m, 4 H,
Carom-H), 7.07 (m, 4 H, CaTom-H), 3.22 (m, 4 H, aliphatic H), 2.99 (m, 4 H, aliphatic H),

2.79 (m, 4 H, aliphatic H), 1.76 (t, 2 H, aliphatic H).
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Preparation of bis-(acetylacetonate) dioxo tungsten(VI) (7)

Under N 2 , a solution of benzene (47 roL) and 2,4-pentanedione (7.95 mL, 71.7 nunol)
was added dropwise to WOlCh (0.795 g, 2.77 romol). The golden-colored mixture was
then refluxed for two days, a blue solid was filtered away, and then the solvent was
removed from the filtrate via rotary evaporation to give a deep purple-colored solid.
Yield of7: 0.70 g (1.74 romol, 63%). 'H NMR (CDCh) & 5.84 (s, 2 H, CHC(O)-CH 3 ,
2.21 (s, 12 H, 2(CR3)).

Preparation of biphenyl-2-mercapto-2' -mercapto-alpha-para-xylene (L'H)

Under N 2, 4-methylbenzyl bromide (0.214 g, 1.2 romol) and triethylamine (0.116 g, 1.2
romol) were added to 3 (0.252 g, 1.2 mmcl) in acetonitrile (5 mL). The resulting clear
solution was stirred overnight. The acetonitrile was distilled away and then water (20
mL) and CH 2 Ch (20 mL) were added to the resulting mixture. The organic and aqueous

layers were separated. The aqueous layer was washed three times with CH2 Ch (l00 mL
each time). The organic layers were combined, dried with MgS0 4 , filtered, and the
solvent removed via rotary evaporation leaving behind a yellow oil. A silica column was
used for separation of L 'H (4: 1 hexanes:dichloromethane, R r 0.21) giving a mixture of
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a yellow oil made up of2 (-5%), and L'H (-95%) upon solvent removal. The calculated
yield assumes pure L'B giving 0.0295 g (0.0915 mmol, 8% of VII). lH 'NMR (CDC!)) t>
7.64 (d of d, 3J = 7 Hz, 4J = 1 Hz, 2 H, Carom-H on 2),7.43 (d of d, 3J = 6 Hz, 4) = 1 Hz,
2 H, Carom-H on 2),7.21 (m, 8 H, Carom-H on L'H), 7.05 (d, 3)= 7 Hz, 2 H, Carom-H on
L'H), 7.0 (t, 3J = 7 Hz, 2 H, Carom-H on L'H), 3.91 (s, 2 H, SCH2(C6~)CH3), 3.17 (5, 1
H, SH), 2.22 (s, 3 H, SCH2(C6H4)CH3).
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